Translation of an mRNA is generally divided into three stages: initiation, elongation and termination. The relative rates of these steps determine both the number and position of ribosomes along the mRNA, but traditional velocity sedimentation assays for the translational status of mRNA determine only the number of bound ribosomes. We developed a procedure, termed Ribosome Density Mapping (RDM), that uses sitespecific cleavage of polysomal mRNA followed by separation on a sucrose gradient and northern analysis, to determine the number of ribosomes associated with specified portions of a particular mRNA. This procedure allows us to test models for translation and its control, and to examine properties of individual steps of translation in vivo. We tested specific predictions from the current model for translational control of GCN4 expression in yeast and found that ribosomes were differentially associated with the uORFs elements and coding region under different growth conditions, consistent with this model. We also mapped ribosome density along the ORF of several mRNAs, to probe basic kinetic properties of translational steps in yeast. We found no detectable decline in ribosome density between the 5 0 and 3 0 ends of the ORFs, suggesting that the average processivity of elongation is very high. Conversely, there was no queue of ribosomes at the termination site, suggesting that termination is not very slow relative to elongation and initiation. Finally, the RDM results suggest that less frequent initiation of translation on mRNAs with longer ORFs is responsible for the inverse correlation between ORF length and ribosomal density that we observed in a global analysis of translation. These results provide new insights into eukaryotic translation in vivo.
INTRODUCTION
The eukaryotic gene expression program is composed of many steps, from pre-mRNA transcription, processing and export out of the nucleus, to subcellular localization, translation and mRNA decay. Dissection of this program into each of its component steps and analysis of each of these steps is essential for complete understanding.
For translation, the most obvious and tractable parameter to measure is the number of ribosomes associated with the mRNA. The traditional method to determine the overall number of ribosomes on an mRNA involves separation of large complexes by velocity sedimentation through a sucrose gradient. The sedimentation position of an mRNA within the gradient is directly related to the number of ribosomes bound to it, as the mass of the ribosome dominates the sedimentation behavior of the complex [see (1) for technical details]. By this method, the existence of polysomes was identified (2) and changes in ribosomal association of mRNAs upon changes in conditions or in the genetic background have routinely been tested (3) (4) (5) (6) . Most recently, we and others have used polysome profiling in combination with DNA microarrays to obtain a global view of the translational status of mRNAs (7) (8) (9) (10) (11) (12) (13) (14) .
The translation of mRNA into protein is mechanistically divided into three successive stages: initiation, elongation and termination ( Figure 1 ), with each of these stages further made up of multiple steps that use distinct sets of factors (15, 16) . In eukaryotes, initiation encompasses assembly of the 43S complex onto the mRNA, scanning toward and recognition of the start codon, and assembly of the active ribosome at this site; elongation includes codon by codon translocation of the ribosome along the mRNA in conjunction with amino-acyl tRNA selection and peptide bond formation; and termination involves the release of the ribosomal subunits and the mature protein from the mRNA. The relationship among the rates of these steps determines the rate of protein synthesis and the number and distribution of ribosomes on an mRNA. For example, slow initiation relative to elongation and termination will lead to a low density of ribosomes on the mRNA ( Figure 1A) ; faster initiation relative to the scenario in Figure 1A will lead to an increase in the number of ribosomes on the mRNA ( Figure 1B ). Slower elongation relative to the scenario in Figure 1A will also lead to an increase in the number of ribosomes ( Figure 1C ).
Although some changes in rates of initiation, elongation and termination lead to changes in the number of associated ribosomes, as in Figure 1 , there are many scenarios in which different underlying rates of initiation, elongation and termination give the same number of bound ribosomes. For example, Figure 1B and C both have higher number of bound ribosomes relative to Figure 1A , yet Figure 1B represents the outcome of increased initiation, and Figure 1C represents the outcome of slower elongation. Figure 2 provides additional examples. An mRNA with a slow elongation rate and one with fast elongation but with a strong pause site can have the same overall number of ribosomes ( Figure 2A and B, respectively). Similarly, faster elongation than in Figure 2A but slower termination ( Figure 2C ) can lead to the same overall number of ribosomes as in Figure 2A . Finally, an mRNA with slow initiation could have the same overall number of ribosomes as an mRNA with fast initiation but with limited processivity [i.e. frequent dissociation of ribosomes during elongation ( Figure 2D) ].
Although the same number of ribosomes is bound to the mRNA in each of the scenarios in Figure 2 , the distribution of ribosomes along the mRNAs is different: a strong pause site would result in increased density of ribosomes immediately 5 0 to the pause site ( Figure 2B ), slow termination would result in an increase in ribosomal density upstream of the termination site ( Figure 2C ), and ribosomal dissociation during elongation would decrease the ribosomal density towards the 3 0 end of the mRNA ( Figure 2D ). Thus, an ability to assess the distribution of ribosomes along an mRNA would provide incisive information about the individual stages of translation and their variation among different mRNA and under different conditions.
In vitro, ribosomes accumulating at the initiation or termination sites can be detected by a 'toeprinting' procedure in which a radiolabeled primer is used to synthesize cDNA until the bound ribosome blocks the extension process (17, 18) . Pause sites along the mRNA can be detected by micrococcal digestion of mRNA associated with ribosomes followed by annealing to cDNA and primer extension reaction that will terminate at the position of the pause site (19) ; this assay relies on accumulation of ribosomes at a specific position on the mRNA and was used to identify pause sites in vitro on preprolactin mRNA induced by the signal recognition particle (20) . Finally, ribosomal position can sometimes be inferred indirectly from the results of mutagenesis experiments (21) (22) (23) (24) (25) .
We present here a general and direct method to identify the ribosomes in different regions along mRNAs isolated from translating cells. We have applied this method to several yeast mRNAs to test the highly developed model for translation control of GCN4 via uORFs and to provide insight into individual steps in translation.
MATERIALS AND METHODS

Yeast strains and growth conditions
To assay GCN4 ribosomal association under non-starvation conditions, S288c cells were grown to OD 600 0.6-0.9 at 30 C in YPD medium (1% yeast extract/2% peptone/2% dextrose). Starvation conditions were imposed by growing cells in minimal medium (0.2% yeast nitrogen base, 0.5% ammonium sulfate and 2% dextrose) and adding the histidine analog 3-aminotriazole to a final concentration of 40 mM for 30 min. For analyses of all other mRNAs, BY4741 cells were grown to OD 600 0.6-0.9 at 30 C in YPD.
RNase H treatment mRNA associated with ribosomes was isolated from 100 ml of cells. Cells were treated with cycloheximide, immediately cooled and lysed, and resolved on a sucrose gradient as Figure 2 . The position of ribosomes along an mRNA provides additional information about initiation, elongation and termination. Models for mRNAs with similar number of ribosomes but different distributions of ribosomes along the mRNA are presented. As in Figure 1 , the arrow thickness represents the relative rate constant for steps. In (D), the downward arrows represent ribosomes dissociation due to limited processivity. described previously (7) , except that heparin was excluded from the sucrose gradient. Gradient fractions were collected into tubes containing DTT and RNasin (Promega) (final concentration: 15 mM and 500 U/ml, respectively) and selected fractions were immediately subjected to reaction with RNase H. To accomplish this, an aliquot of the polysomal fraction (400 ml) was mixed with 15 ml of 5 mM antisense oligodeoxynucleotide (ODN); annealing was performed at 37 C with slow cooling to room temperature over 20 min. RNase H (GibcoBRL) (5 U) and 100 ml 5· RNase H buffer (5· buffer is 0.1 M Tris-HCl, pH 7.5, 0.5 M KCl, 0.1 M MgCl 2 , 0.5 mM DTT and 2.5 mg/ml cycloheximide) were added and the mixture was incubated at 37 C. After 20 min, the volumes were increased to 1 ml with ice-cold LMD buffer (initial LMD buffer concentration: 20 mM Tris-HCl, pH 7.4, 140 mM KCl, 1.5 mM MgCl 2 , 0.5 mM DTT, 0.1 mg/ml cycloheximide and 1 mg/ml heparin) and loaded on a sucrose gradient. Gradients and sedimentation were as described previously, including the presence of heparin (7) . Eighteen fractions were collected into tubes containing 1 ml of 8 M guanidinium chloride, and RNA was precipitated by adding 2 ml ethanol and incubating overnight at À20 C. The precipitate was spun down and washed with 1 ml of 80% ethanol. Pellets were resuspended in 400 ml TE (10 mM Tris-HCl, pH 7.4, 1 mM NaÁEDTA), and precipitated again by adding 0.1 vol of 3 M sodium acetate, pH 5.3, and 2.5 vol of ethanol. The final pellets were resuspended in 4.5 ml TE, pH 7.4, and the entire sample was analyzed by northern blot (11) . Radioactive probes were prepared by random incorporation of 32 P-labeled nucleotides into a PCR fragment homologous to the tested mRNA. Differences in the radioactive signals between the two cleavage products (Figure 4 ) are probably due to differences in their length, sequence or structure that lead to different hybridization efficiency.
Sensitivity of RDM
Two factors determine the sensitivity of the procedure. One relates to the level of detection of a transcript, and the other to the precision with which we could determine the number of ribosomes bound to an RNA fragment. The northern protocol we used in this work (11) can successfully detect transcripts present at five or more copies per cell (26) . Less abundant transcripts could potentially be detected via RT-PCR, but this assay was not used in the current experiments.
The precision with which we could determine the number of ribosomes bound to an mRNA fragment was determined by the resolution of the sucrose gradients ( Figure 3B , upper panel). We could unambiguously determine if mRNA fragments contained either zero or one bound ribosome (GCN4 experiments, Figure 3B ). The resolution decreases with increasing the numbers of bound ribosomes. For example, for mRNAs with $7 ribosomes bound, we estimate that the uncertainty is approximately -1 ribosome. This estimate is based on the difference between the sum of the estimated number of ribosomes on the cleaved fragments and the estimated number of ribosomes on their corresponding full-length mRNA.
In general, maximal sensitivity of RDM is achieved when abundant transcripts are analyzed and cleaved into fragments with three or fewer bound ribosomes.
Antisense oligodeoxynucleotides (ODNs)
The following antisense ODN were used in the RNase H cleavage reactions. The gene name and distance (in nt) from the initiation AUG to the center of the ODN:mRNA duplex is listed; negative numbers refer to positions 5 0 of this AUG and positive numbers to position 3 0 of it: 
RESULTS AND DISCUSSION
The number of ribosomes on a particular mRNA is traditionally determined by separation of polysomal complexes on a sucrose gradient, followed by northern blot analysis of fractions through the gradient. As elaborated in the Introduction, incisive information about the individual steps of translation can be obtained from ribosome positions along an mRNA's open reading frame (ORF) ( Figure 2 ). We therefore designed a procedure to determine the ribosome density of different regions of a particular mRNA. This procedure, termed Ribosome Density Mapping (RDM), is described in the first section below. We then apply RDM in subsequent sections to assess translational control of GCN4 expression and the rates and properties of translational steps.
Experimental procedure for RDM
The overall protocol for RDM is outlined in Scheme 1. We first use the standard technique of velocity sedimentation in a sucrose gradient to separate mRNAs based on the number of bound ribosomes (Scheme 1, step i). Cycloheximide addition and lysis on ice directly prior to sedimentation has been utilized in numerous investigations of in vivo translational status as this treatment is generally assumed to freeze translation and fix in place translating ribosomes. There is considerable circumstantial and correlative evidence that this protocol effectively halts translation and fixes translating ribosomes, thereby providing a snapshot of translation in vivo. Nevertheless, this evidence does not prove that the approach provides a direct readout of in vivo translational status. It particular, the effects of cycloheximide on the scanning 40S subunits or on the formation of initiating 80S complex are not clear. Techniques such as RDM that offer more highly refined and quantitative information in conjunction with mutagenesis and analysis of effects in vivo will provide new opportunities to test this basic assumption.
Following translation arrest, fractions corresponding to a particular number of bound ribosomes, typically the most abundant fractions for the mRNA to be analyzed, are pooled (step ii). An antisense ODN complementary to a particular position within the target mRNA is then added together with RNase H to give specific cleavage of the target mRNA (step iii). The sample, which includes the cleaved mRNA along with all other mRNAs present in the pooled fraction, is then loaded onto a second sucrose gradient to separate the mRNA cleavage products based on the number of ribosomes bound to each (step iv). The expectation is that all mRNAs will sediment as they did in the first gradient with Scheme 1. Outline of Ribosome Density Mapping Protocol. the exception of the single mRNA that was cleaved; the 5 0 -and 3 0 -fragments of this mRNA will migrate in the gradient at positions reflecting the number of ribosomes bound to each fragment. The position of the mRNA fragments in the gradient can then be determined by northern blot analysis (step v), and the number of bound ribosomes can be assigned with reference to control gradients in which the polysome peaks can be counted. Information about the ribosome distribution can also be obtained by direct comparison of the migration of the 5 0 -and 3 0 -fragments, avoiding any potential error due to uncertainty in determination of the number of ribosomes on each fragment. For example, cleavage in the middle of an mRNA will lead to three possible outcomes (Scheme 1, step v) depending on the ribosome density on each half.
Several controls were required to establish this procedure: (i) RNase H cleavage must be specific to the mRNA and the hybridization site specified by the antisense ODN; (ii) the cleaved fragments, which lack either the 3 0 -polyA tail or the 5 0 -cap structure, must be stable through the subsequent analysis; and (iii) ribosomes must remain bound to the cleaved fragments throughout the procedure. These controls, described below ( Figure 3) , and subsequent data confirm the reliability of the RDM procedure.
To establish the specificity of the RNase H cleavage, mRNA associated with 5-10 ribosomes was isolated following sucrose gradient sedimentation, and antisense ODNs complementary to different positions along various mRNAs were added together with RNase H (corresponding to Scheme 1, (lanes a, b and d, respectively) yielded two prominent cleavage products of the expected sizes in each case. We tested 28 different ODNs for 9 different mRNAs, and all except one yielded accurate cleavage (Figures 4-6 , and data not shown). Only the antisense ODN to ADH1 at position 612 gave additional bands of unexpected size ( Figure 3A ; ADH1, lane c) and therefore was not used further.
To inhibit possible degradation of the cleavage products, an RNase inhibitor was added immediately upon collection of the fractions (Scheme 1, step ii). In no case was there a significant loss in hybridization signal (relative to uncut controls), or were multiple shorter fragments or substantial smears observed (Figures 3-6 , and data not shown), as would be expected if the RNAs were subject to non-specific degradation. Thus, site-specific cleavage occurred with minimal non-specific degradation.
We next tested whether ribosomes dissociate from the mRNA during the procedure. The absorbance profiles (OD 254 ) of sedimentation gradients after the RNase H reaction were compared with the corresponding profiles before the cleavage reaction ( Figure 3B ). mRNAs associated with 3-5 ribosomes were collected from a sucrose gradient, incubated for 1 h at 37 C without addition of antisense ODN, RNase H and LMD buffer, and resolved on a second sucrose gradient. The absorbance profile following this treatment ( Figure 3B , middle panel) includes a single peak at the same position as in the first gradient. (Single ribosome resolution is not observed in the absorbance profile following the mock reaction. This may be due to the relatively high amount of sucrose in the sample leading to mixing during loading of the sample onto the gradient.) No absorbance peaks were observed at the positions corresponding to the size of ribosomal subunits or single ribosomes, as would be expected if ribosomes dissociated from the mRNA during the extended incubation at high temperature. We also collected mRNAs associated with ribosomes and subjected these samples to RNase H reaction using specific antisense ODNs. The lower panel of Figure 3B shows an example in which mRNA associated with more ribosomes (5-10 ribosomes) was collected and treated with RNase H and an antisense ODN complementary to ADH1 at position 462. The reaction products were then separated on a second sucrose gradient, and 18 fractions were collected across the gradient. The OD 254 trace of the RNase H-treated sample showed one prominent peak at the expected position and no peaks at the sedimentation positions of 40S, 60S or 80S complexes. The ribosomes associated with the cleaved ADH1 fragments comprise a negligible fraction of the total polysomal pool so that no additional peak is detected by absorbance at 254 nm at their sedimentation position. The peak in the slowest migrating region, which was not observed in mock reactions ( Figure 3B , middle panel), presumably arises from the added heparin, ODNs and enzyme. The absence of 40S, 60S or monosome complexes and the prominent polysomal peak at the same position as before the RNase H reaction demonstrate that there was no extensive ribosomal dissociation or association during the enzymatic reaction and subsequent separation.
The data also exclude the more drastic model in which the ribosomes dissociate during ODN annealing and RNase H treatment and then rebind randomly to the mRNA. This would lead to a substantial spreading of the OD 254 in the subsequent sucrose gradient, which was not observed. Further, the ability to see asymmetric and highly specific ribosome positioning with GCN4 argues strongly against rearrangement during processing (following section and Figure 4 ).
Translational control of GCN4 expression via uORFs
Relative to the wealth of information available about regulation at the level of transcription, few examples of translational control have been identified, and much less is known about the underlying mechanisms. Perhaps the best-studied model for translation regulation in eukaryotes is GCN4, which has been the target of extensive genetic and biochemical studies by Hinnebusch and others (27) (28) (29) (30) . This work has led to a detailed model for translational control of GCN4 expression, involving upstream open reading frames (uORFs). Below, we briefly describe this model and tests, via RDM, of specific predictions arising from it.
GCN4 mRNA contains four short uORFs in its 5 0 -leader and a coding region of 281 amino acids ( Figure 4A ). According to the model for translational regulation of GCN4, when cells are growing in rich media small ribosomal subunits bind to the 5 0 end of the mRNA, scan the 5 0 -leader and initiate translation at the first encountered ORF, uORF1 ( Figure 4A ). Following translation of uORF1, about half of the ribosomes dissociate while the other half remain bound and resume scanning, reinitiating at one of the next uORFs. These ribosomes have a high probability of dissociating after translating these uORFs, so that a negligible fraction of ribosomes reach the coding region and there is virtually no synthesis of GCN4 protein. When cells experience starvation conditions, some of the ribosomes that resume scanning after translating uORF1 skip the subsequent uORFs and reinitiate at the coding region. Reinitiation at the coding ORF is thought to be enhanced due to decrease in reinitiation and subsequent dissociation at uORFs 2, 3 and 4, with the decreased reinitiation at these uORFs resulting ultimately from phosphorylation of translation factor eIF2a (29) (30) (31) . It is therefore predicted that ribosomes will be associated only with the 5 0 -leader when translation is repressed, and with the 5 0 -leader and the GCN4 coding ORF when translation is induced. As described below, we tested these and other predictions of this model.
When yeast cells are growing in rich media, the majority of polysomal GCN4 mRNA is associated with a single ribosome ($60%) and there are almost no mRNAs with three or more ribosomes (6, 7) . We therefore first determined the position of the single ribosome that is associated with GCN4 mRNA under growth in rich media; the scanning model predicts a near-exclusive association with the uORFs. We isolated the fraction of mRNAs associated with a single ribosome by velocity sedimentation in a sucrose gradient, which, as expected, which, as expected, contained the majority of GCN4 mRNA (data not shown). The GCN4 mRNA was cleaved immediately upstream of the GCN4 ORF using an antisense ODN (ODN, À36) ( Figure 4A) . Cleavage products were then separated on a second sucrose gradient, 18 fractions were collected across the gradient, and the indicated fractions were analyzed by northern analysis ( Figure 4B ). Two bands are observed, corresponding in length to the two cleavage products. The cleavage product that corresponds to the GCN4 ORF sediments mainly free of assembled ribosomes (fractions 1-6), whereas the signal for 5 0 -leader fragment is almost exclusively ribosome-associated (fractions 7-9): <10% of GCN4 ORF fragments sediment with a ribosome, while >90% of the 5 0 -leader fragments are ribosome-associated. This result was confirmed using a different antisense ODN complementary to a nearby sequence (ODN, À6, data not shown); thus, the ribosome associated with GCN4 mRNA under growth in rich media is bound to the 5 0 -leader and not to the coding region of the mRNA on nearly all GCN4 mRNAs.
We next tested the ribosomal position under translationally derepressed conditions. Under these growth conditions, there is a sharp increase in the number of ribosomes associated with GCN4 mRNA; >70% of GCN4 mRNAs are associated with 3-7 ribosomes, and GCN4 mRNA with a single ribosome were barely detectable (data not shown).The scanning and reinitiation model predict that there should be ribosome occupancy of both the GCN4 ORF and the region containing the uORFs. The fractions of the sucrose gradient corresponding to 3-7 ribosomes were pooled, GCN4 mRNA was cleaved between the 5 0 -leader and the GCN4 ORF with the À36 antisense ODN, and the ribosomal association of the cleavage products was determined as before ( Figure 4C ). RDM analysis reveals that under starvation conditions, >80% of the coding fragments and >90% of the 5 0 -leader fragments are associated with ribosomes (fraction 7 and higher), and, moreover, that individual mRNA molecules have ribosomes associated with both the 5 0 -leader and the coding region.
The scanning and reinitiation model predicts ribosome association with uORF1 and also with uORFs 3 and 4 (22, 32) . Thus, ribosomes are expected on multiple uORFs along the GCN4 mRNA under repressed and derepressed growth conditions. To test this prediction, we isolated polysomes from cells grown under derepressed conditions and cleaved the GCN4 mRNA at two sites in the 5 0 -leader simultaneously (positions À214 and À36). Derepressed conditions were used because under these conditions, there are higher levels of GCN4 mRNA, thereby allowing the detection of the multiple fragments obtained from the double cleavage. This multiple cleavage scheme yields multiple fragments from the same mRNA, each sedimenting according to its ribosomal association, and thus allows finer mapping of the ribosomes on the 5 0 -leader. Almost all fragments that include uORFs 1 and 2, and a substantial fraction of the fragments that include uORFs 3 and 4 sediment as associated with ribosomes (data not shown). These data indicate that ribosomes are associated with uORFs 1 or 2 and uORFs 3 or 4 for a substantial fraction of GCN4 mRNAs. The association with multiple uORFs on the same mRNA is consistent with the scanning and reinitiation model. We attempted to test the prediction that the association of ribosomes with uORFs 3 and 4 is higher in cells grown under repressed conditions. Although we were able to determine that multiple ribosomes are associated with the uORFs region, however, we could not unequivocally determine whether the association at uORFs 3 and 4 is increased relative to derepressed conditions due to lower GCN4 mRNA levels under repressed growth conditions (data not shown).
In summary, our results demonstrate that RDM can efficiently detect changes in ribosomal association along a particular mRNA, and they confirm and extend several specific predictions from the scanning and reinitiation model developed from genetic studies and supported by prior in vitro translational toe-printing assays (27) .
Exploring the stages of translation of yeast mRNAs by RDM
We used RDM to probe aspects of translation initiation, elongation and termination for yeast mRNAs with varying ORF lengths: ADH1 (1047 nt), PDA1 (1332 nt), PDC1 (1692 nt), HSP82 (2130 nt), EF-2 (2529 nt) and YEF3 (3135 nt). As described above (Scheme 1), polysomes corresponding to the predominant species for each mRNA were isolated from yeast cells through a sucrose gradient, and each target mRNA was cleaved independently at a single position within its coding region. Cleavage products were then separated on a second sucrose gradient, 18 fractions were collected across the gradient, and the indicated fractions were analyzed by northern blot (Figures 5 and 6 ).
For each mRNA probed, three bands were observed in the northern blots, corresponding to the two cleavage products and a small amount of uncut mRNA. The full-length mRNA sedimented faster in the sucrose gradient than the cleavage products in all cases, as is expected for a species with more bound ribosomes, and this species serves as a useful control and marker. In all cases, the uncut mRNA migrated at the position expected based on determination of the number of bound ribosomes from northern and microarray analysis of the initial gradient [(7), and data not shown] and the number of ribosomes bound to the cleaved fragments summed, within error, to that for the uncut fragment.
Initially, the cleavage position was chosen close to the center of the ORF for each mRNA to provide the most sensitive readout for any 5 0 or 3 0 bias in ribosome density, i.e. a uniform density would give equivalent sedimentation of the 5 0 -and 3 0 -fragments, whereas a density difference would give different migration, as depicted in part v of Scheme 1. For each mRNA probed, cleavage near the center gave two products with sedimentation profiles that were identical within the limit of the resolution of the procedure ( Figure 5 ). This can be qualitatively seen directly from the similar northern blot patterns and quantitatively from the near-perfect overlap of the graphical profiles of the band intensities. (The overlap is shown in purple in the panels above the northern blots.)
To further probe the distribution of ribosomes along the mRNA and to provide more stringent tests of models such as those in Figure 2 , we performed mapping studies in which ADH1, PDC1, HSP82 and YEF3 were each cleaved at positions approximately one-third or two-thirds of the way from the 5 0 end of the ORF (Figure 6 ). Three bands were again observed in each northern blot, corresponding to the two cleavage products and the uncut mRNA. As before, the full-length mRNA sedimented faster than the cleavage products in all cases. In this case, however, the two cleavage products, which differ substantially in their sizes, sedimented differently: in each case, the long cleavage product sedimented faster than the short fragment. This is most easily seen by comparing the quantitated profile for each fragment (red and blue areas in the graphs above each northern blot).
The pairs of cleavages for each mRNA yield products of similar lengths, but corresponding to opposite ends of the mRNA. They therefore allow accurate comparison of the ribosome density closer to the ends of ORFs. Comparison of the sedimentation for the two short fragments from the ends of the ORF (Figure 6 , section iii in each panel) revealed that ribosome densities on the 5 0 -and 3 0 -thirds of each mRNAs were the same, within error. The implications of these observations for processivity and termination are discussed in the following sections.
Elongation processivity. It has been suggested, based on analyses in bacteria, that processivity of translation elongation is incomplete, with many ribosomes that initiate translation not completing translation of the entire ORF (33, 34) . Analogous premature dissociations in the mammalian cells have been suggested to produce aberrant proteins that serve as autoimmune antigens (35) . Ribosome dissociation could occur at particular positions along the mRNA, due to a structural element or sequence motif. For example, certain sequences are known to induce ribosomal frameshifting with remarkable efficiency (36), and frameshifting followed by recognition of stop codon in the new coding frame would presumably result in ribosome dissociation. Ribosome dissociation could also occur uniformly along the mRNA, due to an inherent incomplete processivity of elongation. Either case would lead to lower density of ribosomes at the 3 0 end of the mRNA compared to the 5 0 end. For a given level of processivity, the ratio of the density of ribosomes at the 3 0 and 5 0 ends of an mRNA is expected to be an exponential function of the ORF length; longer ORFs are expected to have more dissociation events and therefore larger differences in the ribosome density at the 3 0 and 5 0 ends. Hence, comparing the number of ribosomes on both ends of long mRNAs provides the most sensitive probe for ribosomal dissociation. Figure 6C (iii) presents the sedimentation profiles of fragments from both ends of YEF3, one of the longest yeast ORFs (3135 nt, longer than 92% of yeast ORFs). The sedimentation profiles of the fragments from both ends of the ORF are the same within error, indicating that a similar number of ribosomes are associated with the 5 0 and 3 0 ends of YEF3. Applying a model with a constant probability of dissociation for each elongation step, we can identify processivity levels that are consistent and inconsistent with these sedimentation profiles (see Methods Supplement and Supplemental Figure  1 ). The two fragments are expected to have similar sedimentation profiles only if processivity levels exceed 99.99% for YEF3 (Supplemental Figure 1A) . Analogous analyses for the other yeast mRNAs also gave no indication of significant premature termination, although the lower limits were lower than that for YEF3 due to the shorter ORF length (lower limits of 99.8-99.99%, Supplemental Figure 1) . These values suggest that translation elongation in yeast is highly processive for many or most yeast mRNAs. Nevertheless, more complex models, such as coincidentally slower elongation downstream of a structural element that promotes ribosome dissociation or incomplete processivity along with slow termination, remain possible. It will be of interest to further test this conclusion and to determine whether there are mutations or conditions associated with significantly lower processivity.
Termination rates. Translation termination, unlike elongation, requires release of the polypeptide chain and distinct set of trans-acting factors (37) . Thus, the rate of termination could differ from that for elongation. If termination were slower than the average rate for elongation steps, the ribosome density at the 3 0 end of an ORF would be greater than that for the rest of the ORF; the slower the termination step, the larger the expected increase in ribosome density at the 3 0 end. The most sensitive probe for an increase in ribosomal density upstream of the stop codon is a relatively short fragment from the 3 0 end of the ORF, as its sedimentation will be affected the most by any queuing of ribosomes upstream to the stop codon. We therefore first examined the sedimentation profiles of the shortest fragment analyzed, the 335 nt fragment derived from cleavage of ADH1 at position 712 ( Figure 6A ). Comparing its sedimentation profile with the profile of a fragment of similar length (312 nt) from the 5 0 end of the mRNA [ Figure 6A (iii)] revealed similar sedimentation profiles, suggesting that termination is not sufficiently slow to give a buildup of ribosomes at the 3 0 -terminus. We simulated the sedimentation profiles of these fragments for situations with slow termination leading to queuing of one, two or more ribosomes upstream to the stop codon, and compared the simulated profiles to the experimental profiles (Supplemental Figure 2A) . The experimental profile best fits a queue of less than one ribosome upstream to the stop codon [Supplemental Figure 2A (vi) ]. Similar simulations for the rest of the mRNAs (Supplemental Figure 2B-F) reveal that the experimental profiles in all cases are consistent with an absence of a termination queue, although in certain instances a queue of one ribosome cannot be excluded (e.g., Supplemental Figure 2F ). Thus, there is no indication of slower termination, and if ribosomes do pause at the termination site, they rarely fail to dissociate before the next ribosome reaches this site.
Assessing the basis for the inverse correlation between mRNA length and ribosomal density
The RDM experiments and results described above allow us to distinguish between models we previously proposed to account for unexpected results from a global analysis of translation (7) . We observed that longer ORFs have lower ribosome density and proposed three mechanistic models to explain this inverse correlation: (i) Processivity is incomplete, because longer ORFs have more elongation steps and thus more opportunities for ribosome dissociation, their overall ribosome density would be lower. (ii) Slow termination rates relative to elongation leading to accumulation of ribosomes at the termination site. The additional ribosomes present at the 3 0 end of mRNA of all lengths would increase the overall ribosome density of mRNAs with short ORF relative to these with long ORFs. (iii) Initiation is slower for longer mRNAs whereas elongation and termination rates are not correlated with length. This would lead to a general trend of larger spacing between ribosomes on longer mRNAs.
A different distribution of ribosomes along an mRNA is predicted for each of the above models. Models 1 and 2 both predict uneven distributions: a higher density of ribosomes at the 5 0 end for model 1 (incomplete processivity) or a higher density at the 3 0 end for model 2 (slow termination). Model 3 predicts an even distribution of ribosomes (see Supplemental Methods).
We fit each of these models to the observed inverse correlation between ribosome density and coding sequence length to provide quantitative constraints that could then be compared with the results from RDM ( Figure 7) . Model 1 gives a best fit to the correlation with a processivity of 99.3% per elongation step ( Figure 7A ). This is below the lower limit of 99.8% obtained for any mRNA from RDM described above and far below the limit of 99.99% for YEF3 (Supplemental Figure 1) . Model 2 is also eliminated by the RDM data. Although accumulation of three ribosomes could account for the observed correlation in the slow termination model ( Figure 7B , solid line), the RDM data suggests instead an accumulation of at most one ribosome, as described above (Supplemental Figure 2) . For model 3, no specific mathematical form is necessitated; Figure 7C shows a simple exponential decrease in initiation rate with ORF length to demonstrate the magnitude of the trend required to account for the observed effect: the best fit corresponds to 2-fold decrease in initiation rate with each 1200 nt increase in ORF length ( Figure 7C ). The observed uniform distribution of ribosomes across the mRNA is predicted by this model, although the data do not provide direct information about variation in initiation rates with length. The origin of the apparently slower initiation of translation for longer mRNAs is not clear. It could arise as a result of the more distal polyA tail from the cap in longer mRNAs, as the polyA tail enhances translation initiation through interaction with initiation complex (38) . Alternatively, or in addition, stable structures can inhibit translation initiation (39) , and longer mRNAs might be more prone to self-structure than short mRNAs.
PERSPECTIVE
We have developed an efficient and general method to map ribosomal densities along individual mRNAs. Mapping the distribution of ribosomes along several yeast mRNAs has revealed properties of basic steps of translation in vivo and allowed tests of the mechanisms of GCN4 translational control. RDM will allow investigation of the features, factors and conditions that affect ribosome binding, dissociation and movement along the mRNA. In addition to general properties, the behavior of specific mRNAs that undergo translational regulation via upstream ORFs, frameshifting and other Comparison of experimentally measured ribosomal densities to predictions from incomplete processivity, slow termination and slow initiation models. Ribosomal densities measured for 739 mRNAs by microarray analysis of polysomal fractions (7) are plotted versus ORF length (black circles). Each circle represents the average density for ORF lengths binned in 100 nt intervals (up to 4400 nt). Lines represent predicted density values by each model (the details of density calculations for each model are described in the Methods Supplement). (A) Incomplete processivity (model 1). Solid line represents the best fit to the experimentally measured densities with a processivity level of 99.30% per elongation step. Predicted values for higher processivity levels, corresponding to limits obtained from RDM of 99.8% processivity (short-dashes) and 99.99% processivity (long-dashes) are shown for comparison. (B) Slow termination (model 2). The solid line represents the best fit for the experimentally measured densities, which corresponding to a queue of three ribosomes at the 3 0 end of the ORF. An example of the predicted density with queue of one ribosome is also shown (long dashes line). (C) Slow initiation (model 3). The line represents the best fit to the experimentally measured densities for a model in which initiation rates decrease exponentially with increase in mRNA length. means can be probed. It should now be possible to investigate whether the relative rates of the three stages of translation are different under alternative growth conditions and in various mutant strains. These additional data should facilitate development and evaluation of quantitative models for translation and its control.
